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Abstract
We compute B → Kη (′) branching ratio using perturbative QCD approach. We show that a triangular relation among amplitudes for B 0 → K 0 π 0 , B 0 → K 0 η, B 0 → K 0 η ′ receives large corrections from SU(3) breaking effects. If experimental value will come closer to the lower limit of the present BELLE data there will be a possibility to understand the large branching ratio of B 0 → K 0 η ′ . Otherwise, we perhaps need to modify our understanding of η ′ meson, for example, inclusion of a possible admixture of gluonium state.
Three years has passed since CLEO announced an unexpectedly large branching ratio for B → Kη ′ decays [1] : (1)
BELLE also reported their results in BCP 4 conference, [2] : 
Various theoretical suggestions have been made to understand the large branching ratio. While new physics contributions were discussed [3, 4] we feel that better understanding of the standard model calculation of the branching ratio is necessary. In Ref. [5] , it was shown that there is a possible choice of theoretical parameters involving form factors, CKM parameters, nonfactorizable contribution and decay constants of η − η ′ system which gives a branching ratio consistent with the experimental data. A SU(3) relation which is independent of most of the above mentioned uncertainties has been derived [6, 7, 8] :
Using the CLEO measurement [9] , Br(B 0 →K 0 π 0 ) = (14.6
+5.9+2.4
−5.1−3.3 ) × 10 −6 , and theoretical expectation that |A(B 0 → K 0 η)| is small compared to the other two amplitudes, the observed value for Br(B 0 →K 0 η ′ ) in Eq. (1) seems to be too large. This relation also excludes explanations which make Br(B 0 →K 0 π 0 ) increase simultaneously with Br(B 0 →K 0 η ′ ), for instance, invoking large Wilson coefficients with new physics effects, or increasing the input parameters like form factors, the CKM parameters, etc.
In this letter, we perform calculation of the branching ratio by using perturbative QCD (pQCD) approach and examine the B → Kη ′ problem. The SU(3) breaking effect is included through the decay constants and the wave function and as a result, Eq. (3) is modified. We also give a theoretical estimate of color suppressed penguin contributions which is one of the candidate mechanism to enhance Br(B 0 → K 0 η (′) ), but not Br(B 0 →K 0 π 0 ). In the 80's, η ′ gluonic admixture was examined in Ref. [10] . Recently, there have been some progress in understanding the η − η ′ system. We use the η − η ′ mixing angle and the definition of the decay constant in η − η ′ system which include recent improvements. A simple description of η − η ′ states was introduced in the literature,
where X η (′) , Y η (′) and Z η ′ parameters represent the ratios of uū + dd, ss and gluonium component of η (′) , respectively. This work was updated by one of the authors [11] . In this work, the gluonium content of η ′ is reanalyzed using all available radiative light meson decays and a result
is obtained, which indicates that 26% of gluonic admixture in η ′ is still possible.
Ignoring the small tree contribution, we can write the amplitudes of
decays as:
where P d(s) includes color allowed bsdd(ss) penguin and annihilation penguin contributions and P (′) is SU(3) singlet contribution. We depict the corresponding diagrams in Fig.1 . Figure 1 : Diagrams for bsdd penguin, P d , bsss penguin, P s and SU(3) singlet penguin, P ′ contributions
Here we introduce a parameter r which represents the SU(3) breaking effect:
and a parameter s (′) which represents the ratio between P (′) and P s :
Using these parameters, Eqs. (7-9) lead to SU(3) relation in general form
Now, let us examine what it takes to obtain Eq. (3). The following assumptions must be applied:
• η ′ does not have the gluonic content (Z η ′ = 0) so that X η(η ′ ) and Y η(η ′ ) are related to the pseudoscalar mixing angles as
For convenience, we also display η and η ′ states in terms of singlet state η 1 and octet state η 8 as
where η 8 = (uū + dd − 2ss)/ √ 6 and η 1 = (uū + dd + ss)/ √ 3. α p can be written in terms of the pseudoscalar mixing angle θ p as α p = θ p −θ I + π 2 with the ideal mixing θ I = arctan(1/ √ 2). The allowed range of values for θ p is −20
• to −10
• . To obtain Eq. (3), the angle α p is fixed at cos α p = √ 2/ √ 3 and sin α p = 1/ √ 3, which corresponds to θ p ≈ −19.4
• . We should remind the reader that we are taking a value of θ p which is at the edge of the allowed region. While we stretched the error bar to allow the region θ p ∼ −20
• , the experimental data for ω → ηγ decay and η → γγ decay disfavor this region. The best fit range is: −17
• in [11] .
• SU(3) symmetry is exact so that P d = P s , i.e. r = 1.
• The ratio of the SU(3) flavor singlet contribution to B → Kη and B → Kη ′ is written as s ′ /s = − cos θ p / sin θ p , which is extracted from the ratio of the SU(3) singlet component of η and η ′ states in Eq. (15) . It can be easily seen below that this is valid only if we set f K = f π and ignore the electric penguin correction factor (ξ = 1).
We would like to point out that whether the experimental value Eq.(1) is inconsistent with Eq. (3) depends crucially on the assumptions above. Looking at the SU(3) relation in general form in Eq. (13), we see that the amplitude of B 0 → K 0 η ′ can be enhanced by large r and s ′ . And in fact, relaxing above assumptions, we can easily have Br(
with data. For example, if we choose r = 1.1 and (12) and (13) give
We insist that SU(3) breaking effects for r, s and s ′ must be studied before we conclude that experimental data is too large -and that we need new physics to explain the observations. The large value in Eq. (16) is due to the fact that constraints: Br(B 0 → K 0 η) = 0 and s ′ /s = − cos θ p / sin θ p leads to large s ′ . In our pQCD approach, we evaluate these SU(3) breaking parameters as well as the branching ratios Br(B 0 →K 0 η ′ ) and Br(B 0 →K 0 η). Now let us explain our calculation forB 0 →K 0 η (′) decay amplitude. (Full calculation will be presented in elsewhere.) The pQCD approach is developed to give more precise theoretical prediction beyond vacuum saturation approximation [12, 13] . In this approach, the amplitude for
where ξ is a correction factor which represents the difference between electric penguin contributions of bsuū and bsdd(bsss) penguin diagrams and
, where N is number of the color and
is Wilson coefficient (we use the same definition of Wilson coefficient as the one in [12] ). It is worthwhile pointing out that scale µ in these coefficients is related to the loop integration variable for diagrams shown in Fig. 2 . Thus the usual scale dependence problem associated with the factorization assumption is absent in the pQCD approach. In our notation, F (9) and (17) is as follows: 
Note that we also have additional contribution from nonfactorizable diagrams (see, Fig. 3 ), which is not calculated in vacuum saturation approximation but can be calculable in pQCD approach. However, we found that nonfactorizable contributions to branching ratios forB 0 →K 0 η ′ andB 0 →K 0 η are less than 10%. As is mentioned in the introduction, we use new definitions of decay constants in the η − η ′ system -the decay constants at the non-anomaly limit [14] [15] [16] :
if y p µ = < 0|sγ µ γ 5s |ss > .
For the value of f x and f y , we use the ones that are given in [14] where isospin symmetry is assumed for f x and SU(3) breaking effect is included for f y :
These values are translated to the values in the two mixing angle method, which is often used in vacuum saturation approach as:
where the pseudoscalar mixing angle θ p is taken as −20
The wave function for dd components in η (′) and K meson are given as:
where P and x are the momentum and the momentum fraction of η dd (K), respectively. We assumed here that the wave function of η dd is same as the π wave function. The parameter ζ is either +1 or −1 depending on the assignment of the momentum fraction x. φ
represent the axial vector, pseudoscalar and tensor components of the wave function, respectively, for which we utilize the result from the Light-Cone sum rule [17] including twist-3 contribution: We assume that the wave function of uū is same as the wave function of dd. For the wave function of the ss components, we also use the same form as dd but with m ss 0 and f y instead of m dd 0 and f x , respectively. The pseudoscalar and tensor components of the K wave function are obtained by exchanging parameters of the pseudoscalar and tensor components of dd wave function, respectively as follows:
The parameters m i 0 (i = η dd(uū) , η ss , K) are defined as:
(29) Because there are large ambiguities in quark masses, parameters defined in Eq. (29) introduce considerable theoretical uncertainties. In our analysis, we use constraints for these parameters from analysis of other decay channels. In Ref. [13] branching ratios for B → ππ are analysed in pQCD approach. The allowed region for m π 0 is given as 1.1GeV ≤ m π 0 ≤ 1.9GeV. Ref. [12] , which studies B → Kπ in pQCD, gives the best fit value of m s = 140 MeV.
We saw that the SU(3) breaking effects were included through the decay constants and the wave functions in Eq. (23) and Eq. (29), respectively. In exact SU(3) symmetry limit,
Eq. (3)is recovered. Now we show our numerical results. The parameters which are used in our calculation are as follows: The B meson wave function is given as follows:
where ω B is a free parameter. At first, we show our result with the best fit parameter set which is obtained from analysis of B → ππ and B → Kπ processes in pQCD approach [12, 13] :
Our result of the branching ratio for the above parameter set is
for the pseudoscalar mixing angle θ p = −20
• (−10 • ). The computed amplitude for the each diagram in Fig. 2 is given in Table 1 . With the same set of parameters, we obtain theoretical prediction forB 0 →K 0 π 0 as Br(B 0 →K 0 π 0 ) = 9.5 × 10 −6 . Since we observe large imaginary part for annihilation diagrams we need to rewrite the SU(3) relation in Eqs. (12) and (13) more precisely. Again ignoring the small amount of tree contribution, we obtain:
where
Using the values listed in Table 1 , the SU(3) breaking effect r ( ′ ) , which is assumed as r = 1 in Eq. 
which is assumed to be s ′ /s = − cos θ p / sin θ p in Eq. (3). s ′ always has minus sign. This is due to the sign difference between F II e and F III e , which can be traced back to the relative size of the Wilson coefficients. This effect is also seen in calculations using vacuum saturation approximation [18] . This fact implies that the SU(3) singlet penguin contribution toB 0 →K 0 η ′ tends to decrease the branching ratio.
Before we show our numerical results for the different parameter sets of the wave functions, it might be convenient to summarize the trend of the size of the amplitudes for the variation of the parameters, diagram by diagram in Fig. 2 
Obtained branching ratios forB 0 →K 0 η ′ andB 0 →K 0 π 0 are given in Table2. Considering that BELLE reported a smaller branching ratio for B 0 →K 0 η ′ and also that experimental value ofB 0 →K 0 π 0 has still large error and can be large, a situation such that m η dd(uū) 0 = 1.9 GeV can not be excluded.
For a comparison to other approaches, we give the obtained values of the form factors for different parameter; . These parameter sets are allowed by the pQCD analysis for B → ππ and B → Kπ processes. The pseudoscalar mixing angle is taken as θ p = −20
• (−10 • ).
In fact, there is another interesting aspect. Looking at Eq. (12), the first and the second term which are the dominant contributions have an opposite sign so that the relative variation of the branching ratio for B 0 → K 0 η is much larger than that for B 0 → K 0 η ′ when r varies. The branching ratio for B 0 → K 0 η, which is considered to be negligible in Eq. (3), is enhanced greatly depending on the parameters. We summarize our numerical results of the branching ratios forB 0 →K 0 π 0 ,B 0 →K 0 η ′ andB 0 →K 0 η in Table  2 . We can see a large dependence of the branching ratio forB 0 →K 0 η on θ p . As is mentioned before, θ p = −20
• is the smallest limit of the allowed region. Hence, our results for θ p = −10
• indicate thatB 0 →K 0 η process may be observed soon.
In conclusion, we examined the large branching ratio of B → Kη ′ process using SU(3) relation in general form, Eqs. (12) and (13) . If there is a large SU(3) breaking effect, which means that r is much larger than 1, or there is a large SU(3) singlet penguin contribution, which means s ′ and s are very large, Eqs. (12) and (13) imply that we would have large branching ratio forB 0 →K 0 η ′ . We computed r, s ′ and s as well as branching ratios for B 0 →K 0 π 0 ,B 0 →K 0 η ′ andB 0 →K 0 η processes in pQCD approach. s ′ is found to contribute destructively to the other dominant contributions tō B 0 →K 0 η ′ process. Our numerical result in Table 2 indicates that in a case that the experimental data forB 0 →K 0 η ′ will come close to the lower limit of BELLE data,B 0 →K 0 η ′ problem can be understood in the standard model. However, in this case, the correlation of the experimental data for B 0 →K 0 η ′ to the experimental data forB 0 →K 0 π 0 andB 0 →K 0 η has to be examined carefully. In particular, considering that the relatively large value of θ p which is close to −10
• is favored by recent experiments, we have to keep in mind that Br(B 0 →K 0 η) may not be so small. If Br(B 0 →K 0 η ′ ) remains high at its present value or the combination of the experimental dataNote added in proof After this paper was submitted for publication, BELLE and BABAR announced new data: [25] 
